The concept of precision medicine is not new, as multiplex and very sensitive methods, or next-generation sequencing and matched targeted cancer therapies, have come to clinical practice. Substantial progress has been made from the discovery to the development and clinical application of biomarkers and matched targeted therapies. However, there still remain many challenges and issues to be overcome in each step, from acquisition of tumour tissues through validation of biomarkers to the final decision on targeted therapy. This review will briefly touch on these issues, hoping to provide a better understanding and application of targeted therapy in cancer treatment in the era of precision medicine and immuno-oncology. It also helps to understand that the meaning or value of biomarker(s) and matched targeted therapy changes along with expansion of knowledge and advance of methodology, and constant efforts have to be made in evaluating the meaning and clinical value during the development and after the establishment of biomarkers or the approval of matched targeted therapies, which might be more complicated by the advent of new therapeutic agents and new diagnostic methods.
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IntroduCtIon
Targeted cancer therapy has already come to clinical practice and is one of the standards of care for patients with advanced or metastatic cancer. The National Cancer Institute defined it as drugs or other substances that block the growth and spread of cancer by interfering with specific molecules that are involved in the growth, progression and spread of cancer. This kind of specific molecules is called 'molecular target'. Therefore, it is sometimes interchangeably used with 'molecularly targeted therapies' or 'precision medicine' or similar names. Compared with the standard cytotoxic chemotherapy, it is known to act on specific molecular targets in tumours, which translates into higher response rates and longer survival outcomes with better safety profile.
Identification of molecular targets, one of the predictive biomarkers, is very important for matched targeted therapy. From experiences in epidermal growth factor receptor tyrosine kinase inhibitor (EGFR TKI) therapy, targeted cancer therapy might be detrimental when given to patients without corresponding molecular targets or without identification of the target. 1 On the contrary, even if molecular targets are identified but matched targeted therapy is absent or not given, survival outcomes might not differ between those without molecular targets and those without molecular targeted therapy. 2 The identification of molecular targets or biomarkers is important as much as the administration of matched targeted therapy. In other words, targeted therapy is the standard of care for patients with molecular target(s), while cytotoxic chemotherapy is still a standard therapy for those without the targets, and immuno-oncology therapy can be a standard for some subsets of them.
There still remain many huddles to be overcome in successfully implementing targeted therapy in clinical practice, as well as in developing new targeted therapies. We will address some issues regarding molecular targets, especially predictive biomarkers, in relation to matched targeted therapies, hoping to provide better understanding and application of targeted therapy in cancer treatment in the era of precision medicine and immuno-oncology.
Issues related to aCquIsItIon and evaluatIon of tIssue
The first step of a targeted therapy starts with adequate and appropriate tumour tissues because the accuracy of molecular tests is affected by both the quality and the quantity of tumour tissues obtained, placing great emphasis on the importance of collecting and processing the samples. Recently, as a less or minimally invasive method when sampling tumour tissue is favoured, pathological diagnosis and classification and even molecular tests should be made in smaller biopsies and cytology specimens. On the contrary, as the number of biomarkers for testing is also increasing, smaller biopsies or cytology specimens make us face more difficult problems, preventing us from undergoing some or all of molecular tests needed, or requiring us to do additional or repeated biopsy.
Greater efforts should be made to educate physicians performing biopsies about the importance of obtaining a sufficient amount of tumour tissues. For example, molecular testing of lung adenocarcinoma is usually asked on small biopsy specimens obtained by either core needle biopsy (CNB) or fine-needle aspiration (FNA) biopsy. Although CNB yielded larger tumour tissues, it also increased the risk of serious bleeding or pneumothorax, causing reluctance among physicians. 3 However, in a study regarding molecular testing, CNB specimens provided a significantly higher number of samples sufficient for molecular testing than did FNA specimens (67% vs 46%, p=0.007). 4 Therefore, radiologists performing CT-guided lung biopsies are encouraged to use CNB than FNA, which can be helped in more formal and structured ways by shared protocols or existing guidelines. 5 The success rate for CNBs improved from 72% to 92% after the guidelines were published jointly by the American Thoracic Society, the European Respiratory Society and the International Association for the Study of Lung Cancer. 6 The relative lack of physicians' knowledge and consensus on molecular testing might be an obstacle in implementing optimal process, but can also be compensated or overcome by regular multidisciplinary meetings or molecular tumour board. 7 Developing general molecular testing policies and procedures at the institutional level based on available guidelines is also more helpful because it might improve workflow efficiency and testing performance. 8 Guidelines are also meaningful in processing and storing tumour tissues, as well as in acquiring one. For instance, the National Comprehensive Cancer Network guideline recommends that efforts should be undertaken to minimise block reorientation and the number of tests before molecular testing. To do this, a limited number of immunohistochemistry (IHC) stains, which might suffice for most diagnostic problems, should be done or reserved only for cases in which the defining morphological criteria are absent. 9 However, it might not be easily determined or established by each pathologist or at a pathology laboratory or department level. Therefore each institution had better have their own standard operating procedures related to performing biopsy, processing or handling tumour tissues, interpreting data, reporting the tests and making treatment decisions with consensus and standards, which could apply to all physicians and persons. The established institutional policies or precedures might involve in either some or all types of tumors.
Issues related to methodology
Besides logistic issues, there are methodology-related issues which also closely relate to tissue issues. Adopting a more sensitive method is very important to identify molecular targets accurately. It may also be another way to preserve tumour tissues because it might decrease the minimum requirement of testing materials. Regarding genetic sequencing, Sanger sequencing is the first-generation sequencing and usually requires the greatest degree of tumour enrichment. Therefore, it is not appropriate for detection of genetic aberrations in specimens with a tumour portion of less than 25%-30%. Real-time PCR can be used with higher sensitivity for specific mutations, but it can assess only those specific mutations, limiting us from adding or expanding molecular tests. In this regard, next-generation sequencing (NGS) might be an option. The sensitivity of NGS is known to be higher than Sanger sequencing; for example, the sensitivity of NGS to detect mutant allele is at a mutant allele frequency of 2%~10% compared with that of Sanger sequencing which is at a mutant allele frequency of 15%~25%. 10 In addition, NGS has significant benefits for clinical screening capability as well as biomarker discovery owing to multiple target screening at one time, or massive parallel screening as well as quantitative assay. NGS is not a single method and can be used in different ways based on input materials and selection of targets: whole genome sequencing for DNA, whole exome sequencing for DNA, whole transcriptome sequencing for RNA, and target sequencing for DNA or RNA. In this regard, NGS performance on biopsies or cytology specimens depends on the targets selected for sequencing and analysis. Its clinical significance is affected by its ability to simultaneously interrogate the establishing and/or emerging targets, and to rapidly and accurately direct patients to matched targeted therapies. So far, only a limited set of biomarkers are routinely used in screening for matched targeted therapies. The sensitivity for the specific biomarkers is balanced with the availability of the matched targeted therapies. However, NGS can also interrogate large numbers of patients and screen vast portions of the genome, which might help us to discover a new biomarker and to identify new meanings of the emerging or establishing biomarker in the context of a panel of biomarkers. NGS might also help to accelerate the development of new targeted therapies, when paired with clinical trials. However, NGS also has barriers, including the upfront cost of implementation, difficulty of standardisation and validation, and dependence or lack of bioinformatics expertise, most of which are related to the fact that it is a very rapidly evolving technology with multiple platforms and complex workflows. Advances in understanding tumour biology and discovery of new effective treatments complicate the situation. Therefore, the sensitivity required should be balanced with the availability of matched targeted therapies and the purpose of methodology adopted. Nonetheless, the benefits of NGS will increase its use in pathology laboratories and clinical practice. Before adopting a much more sensitive method, it should be kept in mind that the pathologist's simultaneous evaluation of the morphology of tumour specimens is very important to ensure avoidance of useless, but expensive molecular testing, and traditional approaches including fluorescence in situ hybridisation or IHC can be used complementarily. 11 Liquid biopsy or using blood or plasma samples is an alternative to tissue biopsy or can even replace tissue biopsy especially in cases when biopsy or cytology samples are absent or not available. Circulating tumour cells (CTCs) are found in frequencies in the order of 1~10 CTC/mL of whole blood in patients with metastatic disease, while circulating tumour cell-derived DNA (ctDNA) are found at up to 3.3% of tumour DNA, which may enter the blood every day. 12 13 The more sensitive methods mentioned above, such as droplet digital PCR or NGS, decrease the minimum requirement of materials, which can make liquid biopsy feasible or useful in clinical practice. As well as the same dilemmas that the methods themselves face, liquid biopsy has a unique problem in that the concordance rates of the mutation status between the plasma and tumour samples are variable from 33% to 87%. There are errors in NGS depending on the platforms, with rates between 0.1% and 1%. A mutation with an allele frequency below a threshold cannot be differentiated from the background noise, and therefore protocols should be developed to reduce the error rate, for example, by incorporation of specific molecular targets identified prior to PCR amplification. However, the trade-off for high sequencing coverage is complete genomic landscape or even gene panels. The same problem occurs when choosing different NGS methods. Actually, whole genome sequencing coverage is on average below 100-fold, whereas targeted sequencing reaches a coverage of greater than 1000-fold, which directly correlates with the capability of target identification with low mutation burden. Fortunately, the novel NGS methods improve the sensitivity of NGS by performing highly targeted hybrid capture, high-throughput deep sequencing and utilisation of bioinformatics tools in order to remove artefacts and discover rare mutations, which make us overcome the problem of the very limited amount of DNA from CTC or ctDNA. Thus, owing to advancement in NGS, liquid biopsy might become a good alternative because it can give us information on specific molecular targets and on the genetic landscape of tumour heterogeneity. It might also provide insight into tumour dynamics, such as earlier prediction of response or detection of recurrence. So far, liquid biopsy still needs more technological advances for implementation and utilisation in routine practice, but it will complement or replace tissue biopsy because it is less invasive and more convenient.
As well as more sensitive methodologies, a kind of multiplex testing or parallel sequencing is needed. A variety of methods might be needed as the number of biomarkers to be tested is increasing due to the increment in the available matched targeted therapy. 2 However, they are traded off against loss of tumour tissue as well as turnaround time and cost. In this regard, multiplex or massive parallel sequencing is more appropriate. However, determining the number of genes, which should be included, depends on the intended use or clinical consequence, and is not easy. Only core genes can be included with regard to their therapeutic relevance, but they might be insufficient as new genetic aberrations might have relevance. A larger gene set can be included for both clinical relevance and research purpose. Actually whole genome sequencing or exome sequencing can identify a wide range of genomic alterations, including known disease-associated genetic changes, but also novel variants, which might be suitable for research rather than clinical application or matched targeted therapies because of the trade-off mentioned above. For instance, The Cancer Genome Atlas Research Network used whole exome sequencing for lung adenocarcinoma and identified mutant genes, the clinical meanings of which are already well known in some but yet unknown or absent in others: TP53 mutations (46%),
and RIT1 (2%), and very rare mutations as well. Some genetic aberrations needed a combination of DNA with mRNA sequencing, such as fusions or translocations involving ALK, ROS1 and RET.
14 On the contrary, targeted sequencing can focus on known or key genomic alterations in a small fraction of the genome or exome. It is more practical in the clinical setting and is the most frequently used type of NGS for molecular diagnostic testing because of its lower cost, easier bioinformatics interpretation, faster sample throughput and lower data storage requirement, as well as a higher coverage of sequencing with higher sensitivity and accuracy of detecting mutations. In addition, targeted sequencing-based pan-cancer panels in comparison with disease-specific panels might be more attractive in that they allow batching of samples across multiple indications, and save cost, labour and turnaround times. Therefore, when planning or designing a multiplex panel, the laboratory should define first its intended use, including what type of information will be needed or gathered, which influences the design, standardisation, validation, and quality control and assurance. 15 16 redIsCovery of meanIngs of bIomarker To date, we usually try to identify a molecular target or oncogenic driver for matched targeted therapy based on the efficacy evaluated and reported in prior clinical trials using specific molecular tests, which usually identify the presence of the target only. However, many resistance mechanisms were discovered and if possible hoped to be identified simultaneously. For instance, the efficacy of EGFR TKI therapy for EGFR-mutant patients might be affected by the presence of TP53 comutations, which are not identified by a currently approved method, such as the cobas EGFR Mutation Test, but can be identified more by a more sensitive NGS method. In one study, the positive rate of TP53 mutation was reportedly 48% by NGS but 8% by non-NGS. 17 In a study at Memorial Sloan Kettering Cancer Center, TP53 comutation was found in 62% of EGFR-mutant patients, and when treated with erlotinib patients with wild-type TP53 had longer progression-free survival (PFS) than those with TP53 comutation (median PFS: not reached vs 16 months, HR 2.7, p=0.017). 18 In a study at Princess Margaret Cancer Centre, dual EGFR and TP53 mutation was found in 41%, and those with wild-type TP53 had a slightly higher response rate (52% vs 66%, p=0.46) and longer PFS (HR 1.82 (95% CI 1.03 to 3.22), p=0.039) to first-generation EGFR TKIs. 19 In a study at Dana-Farber Cancer Institute, patients with co-TP53 mutation survived shorter (median survival time: with TP53 mutation vs without TP53 mutation, 2.9 years vs not reached, p=0.02). 17 The majority of tumour TP53 mutations are known missense mutations, resulting in the accumulation of dysfunctional p53 protein, and these mutants often have oncogenic gain-of-function and sometimes exacerbate the malignant properties of tumour cells. 20 Although there is no matched targeted therapy for TP53 mutation yet, TP53 mutation should be included in target sequencing-based pan-cancer panels. And each targeted therapy should be evaluated again in the context of the gene panel rather than a single gene itself even after the approval, which might guide a new therapeutic approach or lead to combination trials.
The efficacy of targeted therapy should be re-evaluated according to the methods used to identify the corresponding targets. Differences in the detection limit of testing platforms might have an impact on their test results, leading to different treatment strategies and eventually different clinical outcomes. The quantity or burden, not the presence or quality, of the molecular marker might also influence the outcome. In this regard, T790M comutation in EGFR-mutant patients might be representative. In one study, de novo T790M mutation was identified in 5% by Sanger sequencing, but in 41% by matrix-assisted laser desorption ionisation-time of mass spectrometry (MALDI-TOF MS). Of more interest, the response rate to first-generation EGFR TKIs of T790M-postive patients identified by MALDI-TOF was 56%, which is unexpectedly higher than that of T790M-positive patients identified by Sanger sequencing in the literature. 21 In another study using the same method, the frequency of T790M mutation was 25% and the response rate to first-generation EGFR TKI in T790M-positive patients was 71%, which was comparable with 83.9% in T790M-negative patients. Of note, according to mutation burden reflecting subclones, the median progression-free survival and overall survival of low T790M patients were 6.7 months and 18.7 months, respectively, while those of high T790M patients were 2.4 months and 9.1 months, respectively. T790M-negative patients showed better survival outcome with a median progression-free and overall survival of 11.5 months and 26.5 months, respectively. 22 Similar findings or different findings were observed in other studies according to the methods used. [23] [24] [25] If the targeted therapy is matched by a new sensitive method, such as NGS, its efficacy should be re-evaluated in the context of the NGS or multiplex testing. If liquid biopsy is adopted for matching targeted therapy, its efficacy should also be evaluated again like in the context of different methodologies, considering different sensitivities and tumour burden. 26 In order to use NGS or other multiplex platforms instead of available companion or complementary diagnostics, established or available targeted therapy should be re-evaluated in prospective clinical trials or at least through comparative effective research. In prospective clinical trials of an emerging or developing targeted therapy, using NGS or other multiple platforms should be considered emerging or developing targeted therapy even though the efficacy based on NGS is not the primary endpoint. The value of biomarkers and matched targeted therapy should be evaluated in terms of cost-effectiveness as well. However, the cost-effectiveness analysis might need control arms or marker-negative cohorts. Including marker-negative or wild-type patients may enhance the enthusiasm of the study and will sometimes give the patients access to a potentially beneficial experimental treatment. But it may not be feasible or reasonable or even unethical. What is worse is that the population might shift to another treatment during the trial as a new biomarker is identified or a new therapeutic approach is available. Therefore, to overcome this kind of problems, comparative effective research, which addresses the relative effectiveness comparing two or more tests or treatment or even policies of interest, should be considered or encouraged, especially in evaluating NGS-based approaches. Those studies can be randomised trials, but they deal with heterogeneous populations or real-world populations by mainly collecting already existing NGS data from larger healthcare databases.
Besides the issues mentioned above, the frequency of biomarkers is usually very low or rare, 14 raising two problems in developing new targeted therapies: one relates to difficulty in identifying rare biomarkers for the targeted therapy, and the other is difficulty in developing the targeted therapy partly due to unclear market forecast with market profitability and market share. The former can be overcome partly by increased use of NGS multiplex testing in many laboratories. The latter could be overcome by new clinical trial designs such as umbrella or basket trial. New clinical trials using a kind of master protocol, as well as NGS-based methods in the context of basket, umbrella or platform trials, could be a good way to accelerate clinical development with increased efficiency and reduced cost, and also a better way to evaluate the value of established biomarkers and matched targeted therapy.
ConClusIon
The meaning or value of biomarker(s) and matched targeted therapy is not fixed. It might change as knowledge expands and methodology advances. It might also change as a new therapy with different mechanisms of action comes up. Immuno-oncology or immune checkpoint inhibitor therapy is a recent typical example. For BRAF
